Purpose Deficiency of interleukin-1 receptor antagonist (DIRA) is a rare life-threatening autoinflammatory disease caused by autosomal recessive mutations in IL1RN. DIRA presents clinically with early onset generalized pustulosis, multifocal osteomyelitis, and elevation of acute phase reactants. We evaluated and treated an antibiotic-unresponsive patient with presumed DIRA with recombinant IL-1Ra (anakinra). The patient developed anaphylaxis to anakinra and was subsequently desensitized.
Introduction
Autoinflammatory diseases are a group of disorders caused by dysregulation of the innate immune system, resulting in systemic inflammation [1] . Deficiency of interleukin-1 receptor antagonist (DIRA) is a very rare autosomal recessive autoinflammatory disease first described in 2009 [2, 3] . DIRA presents in early childhood with marked skin and bone Leonardo O. Mendonca and Louise Malle contributed equally to this work.
Electronic supplementary material The online version of this article (doi:10.1007/s10875-017-0399-1) contains supplementary material, which is available to authorized users. involvement, and systemic inflammation with elevation of acute phase reactants. To date, no untreated patients have lived to adulthood. DIRA is caused by loss-of-function mutations in IL1RN, which encodes the endogenous interleukin-1 (IL-1) receptor antagonist (IL-1Ra). IL-1Ra deficiency results in unopposed pro-inflammatory signaling via IL-1 and the IL-1 receptor (IL-1R1) [2] that can escalate to life-threatening systemic inflammation, systemic inflammatory response syndrome (SIRS), and death if untreated [2, [4] [5] [6] [7] [8] . The mortality of untreated DIRA based on published reports is over 30% in early infancy (summarized in Table 1 ). IL-1 blockade results in complete disease remission [2, 3, 5, 7] . The detection of mutations in IL1RN is diagnostic and mandatory for a definitive diagnosis. Nineteen patients with DIRA and nine different disease-causing mutations have thus far been reported [8] [9] [10] (Table 1 ). In the present study, we describe the first Indian patient with DIRA, who harbors a novel homozygous 22 Kb deletion spanning four exons (two coding) of IL1RN.
Methods
Patient The parents provided consent and the patient was enrolled into an IRB-approved NIH natural history protocol (NCT02974595).
Genetic Analysis

SNP Array
Peripheral blood genomic DNA was obtained from the patient and genotyped for the detection of copy number variations (CNVs) by a high-density single nucleotide polymorphism (SNP) array technique. The DNA sample (∼300 ng) was genotyped following the Illumina Binfinium assay^protocol [11] . This assay includes whole-genome amplification and fragmentation of DNA, hybridization to the BeadChip with specific oligonucleotide probe array (50-mers), enzymatic extension of the 3′ terminal base for incorporation of the allele-specific nucleotide, 
Results
Case Report
A 5-month-old north Indian Hindu girl born to healthy nonconsanguineous parents, with a birth weight of 3.1 kg and normal Apgars, developed right hand swelling and left hip pain followed by bilateral elbow and shoulder swelling starting at 3 weeks of age. At the age of 5 weeks, she was hospitalized and bone scintigraphy showed multifocal osteomyelitis with involvement of ribs, clavicle and long bones. A bone biopsy performed on her left wrist showed a nonspecific inflammatory reaction. At the age of 8 weeks, a mild pustular skin rash limited to the back of the neck and upper forehead developed. Cultures from bone aspirate and blood were persistently negative for bacteria, fungi, and mycobacteria, and immunodeficiency work-up (including lymphocyte immunophenotyping and HIV testing) was negative. During a 5-week hospitalization, the patient received broad-spectrum antibiotics with no change in clinical manifestations. Oral prednisolone was started (1 mg/kg/day) at the age of 10 weeks and increased to 2 mg/kg/day when the patient clinically improved and became asymptomatic. After 2 weeks, prednisolone was tapered by 0.5 mg every 2 weeks. The patient was clinically suspected to have DIRA and was seen at the National Institutes of Health (NIH) at the age of 5 months when her prednisolone dose was at 0.4 mg/kg/day and could not be tapered further.
On physical exam, her weight was 4.4 kg (<3rd percentile) and she had erythematous and papular skin rashes with healing crusted pustules on posterior neck and forehead extending to hairline and scalp. Her left hip had a significantly decreased range of motion with pain on motion, and the left clavicle was prominent and tender.
She was anemic with a hemoglobin (Hb) 9.3 g/dL, hematocrit (Ht) 28.8%, white blood cell (WBC) count 24,200 cells/mL (51% of neutrophils), platelet count 729,000 cells/mL, erythrocyte sedimentation rate (ESR) 113 mm/h, and C-reactive protein (CRP) 110.7 mg/L. Xray studies demonstrated expansion of costochondral transition bilaterally at multiple levels but most prominently at levels 5-7 on the left side and 6 and 8 on the right side ( Fig. 1a ). She had mixed lytic/sclerotic bone lesions in the proximal portion of the right humerus, on the left proximal femur with adjacent periosteal reaction and mild periosteal reaction on the right proximal femur, and a proximal tibial lesion (Fig. 1b) . The distribution and appearance of the bone lesions is pathognomonic for DIRA.
The patient started on treatment with recombinant IL-1Ra anakinra at 0.44 mL daily (1.5 mg/kg/day), and prednisolone was continued. On day 10 of the anakinra treatment, she developed a generalized urticarial rash 15 min after the injection that lasted for 45 min and responded to diphenhydramine (Benadryl®) and corticosteroids. As anakinra is an essential treatment for DIRA, Bdesensitization^over a period of 25 days was initiated. Anakinra was reduced to 0.025 mL (3.73 mg/ day) and gradually increased while pre-medicating with Benadryl. Prednisolone was continued at 0.4 mg/kg/day ( Supplemental Table I ). On anakinra treatment, the patient achieved complete clinical remission. The bone lesions healed (Fig. 1c, d) , she has no clinical symptoms, she is off steroids, and she has normalized inflammatory markers ( Table 2) .
Genetic Findings
A SNP array analysis of the patient's peripheral blood DNA showed a homozygous deletion of the centromeric end of IL1RN, spanning a region of approximately 21.4 kb to 23.7 Kb, which included the first four exons of IL1RN (NM_173843), two of which are coding ( Fig. 2a ). After amplifying the boundaries of the predicted deletion using multiple primer pairs 400-500 bp apart, we selected the forward and reverse primers closest to the 5′ and 3′ end of the deletion (Fig. 2b) . PCR using the primers selected generated an amplicon that covered the breakpoint region of the diseasecarrying allele (Fig. 2c) , and Sanger sequencing of the PCR product indicated the exact breakpoints of the deletion at chr2_hg19_113,865,011 and chr2_hg19_113,887,227 ( Fig. 2d) . These findings confirm a novel homozygous 22,216 bp deletion affecting IL1RN. Further analysis of patient's SNP array demonstrated three regions of homozygosity greater than 2 Mb, suggesting a Bdistant^relatedness between patient's parents and a founder effect. As the mutation is likely a founder mutation in India, the primers we designed can be used for the detection of suspected DIRA cases in India. The primer sequences are listed in Table 3 . Using the primers designed, we performed a multiplex PCR assay, which showed that both parents are heterozygous for the deletion, whereas the patient is homozygous (Fig. 2c ).
Discussion
DIRA is caused by autosomal recessive mutations in IL1RN, the gene that encodes IL-1 receptor antagonist, a natural antagonist of the IL-1 receptor that, if unopposed, results in A C B D Fig. 1 Radiographic changes before and after treatment with anakinra. a Antero-posterior chest X-ray showing expansion of the ribs in the left at 5-7 levels (white stars) and widening of the right clavicle (black star). There is an osteotyic lesion with periosteal reaction on the right humerus (red arrow head). b Hip X-ray shows a mixed lytic/sclerotic bone lesion (black star) in the left proximal femur with adjacent periosteal reaction (red arrow head) and lytic bone lesion (blue arrow head) with mild periosteal reaction in the left proximal tibia. c, d Chest and hip X-rays show improvement of costal arch widening, resolution of osteolytic lesion on the right humerus, and improvement of the left femur and left tibia bone lesions increased IL-1 signaling and systemic inflammation. The disease presents with aseptic multifocal osteomyelitis and variable severity of skin pustulosis in the context of elevated inflammatory markers and pathergy. The clinical presentation is similar to that of septic osteomyelitis, which typically prompts treatment with antibiotics that are not beneficial. Failure to start immunosuppressive treatment with steroids results in disease escalation, an inflammatory response syndrome, and potentially death. Treatment with corticosteroids significantly improves the disease but does not result in inflammatory remission and is associated with significant side effects. Daily injections with anakinra, the recombinant IL-1 receptor antagonist is Blife-saving^and results in a rapid response and complete inflammatory remission [2, 3, 5, 7] . The disease presented early in life and our reported patient had a clinical course similar to the 18 previously reported patients. Although aseptic multifocal osteomyelitis and pustulosis are the principal GAPDH primers serve as an internal amplification control clinical manifestations, additional findings such as CNS vasculitis, hypotonia, respiratory distress, interstitial lung disease, and hemophagocytosis were seen in one patient each. None of these findings were present in our patient. Most reported cases are homozygotes from areas where IL1RN mutations are founder mutations (Table 1 ). Here we report the first Indian girl diagnosed with DIRA, born to unrelated healthy parents. The diagnosis was confirmed by detection of a deletion of the first two coding exons of IL1RN by SNP array, PCR, and Sanger technique. The mutation is novel but the frequency in the ethnic group where both parents come from is unknown. We designed primers to detect the novel deletion that can facilitate screening in Indian patients with a clinical suspicion of DIRA and also in determining the carrier frequency of the deletion. The carrier frequency of a previously described large deletion seen in a geographically isolated Puerto Rican population is 1.3% [2] . In such areas, prenatal screening and counseling may be indicated.
The DIRA-causing mutations in IL1RN result in either no protein expression or expression of a truncated non-functional protein [2] . The absence of protein and the treatment with the recombinant IL-1 receptor antagonist, anakinra, have raised concerns about drug reactions to anakinra. Most patients with several monogenic autoinflammatory diseases tolerate anakinra well and have been on treatment with the drug for over 10 years. However, we are aware of drug reactions in two of 12 patients with DIRA who used anakinra but none of over 100 patients with the cryopyrinopathies, familial cold-induced autoinflammatory syndrome (FCAS), Muckle Wells syndrome (MWS), or neonatal-onset multisystem inflammatory disease (NOMID), who have a NLRP3-mediated autoinflammatory syndrome that responds to IL-1 inhibition. Both DIRA patients developed a systemic urticarial drug reaction that was distinct from the common injection site reactions that are observed in up to 30% of patients injected with anakinra. The allergic reaction in our patient occurred within 10 days of anakinra injection, a presentation that is strongly suggestive of a humoral response that developed after supplementation with a protein that had been deficient. The patient harbors a large deletion in chromosome 2 that spans the promoter and the first two coding exons of IL1RN that lead to non-expression of IL-1Ra. The other DIRA patient who developed a drug reaction harbors a nonsense IL1RN mutation (c.160C>T; p.Gln54*) that leads to a premature stop codon with the presumed expression of a truncated protein. Protein expression has not been tested in vitro; it is possible that the short mRNA transcript is not stable and that the mutation may also result in no protein expression [2] . These findings could indicate that absence or earlier truncations in IL-1Ra would be associated with a higher risk of developing a humoral reaction to the recombinant IL-1RA, anakinra. Given the critical importance of treatment in these patients, both DIRA patients who have developed a reaction to anakinra have been desensitized. Our patient was started on lower doses of anakinra and up-titrated ( Supplemental Table I ), whereas the other patient was rapidly desensitized ( Supplemental Table II) . Currently, both remain on anakinra treatment at 2.5 and 4 years after desensitization, respectively.
In summary, we report a novel DIRA-causing loss-offunction mutation in IL1RN and point to the importance of recognizing and diagnosing DIRA promptly, particularly in clinical circumstances where infectious osteomyelitis is not uncommon. In addition, we provide guidance to IL-1 blocking treatment with anakinra and report two desensitization regimens that were successfully used in two DIRA patients. These patients developed systemic allergic reactions to anakinra and desensitization allowed them to continue their essential treatment.
